Aims/hypothesis Cytokines stimulate nitric oxide production in pancreatic beta cells, leading to endoplasmic reticulum (ER) stress and apoptosis. Treatment of beta cells with glucose and NEFA induces nitric oxide synthase (NOS) as well as ER stress. However, the role of NO in glucolipotoxicity-induced ER stress in beta cells is not clear. Methods We studied the effect of high glucose and palmitate levels on NOS isoform production in rat and Psammomys obesus islets and in insulinoma-1E beta cells. The effects of neuronal NOS (nNOS) inhibition by small interfering RNA or by N ω -nitro-L-arginine methyl ester (L-NAME) on beta cell function, ER stress and apoptosis under conditions of glucolipotoxicity were investigated. Results Overnight incubation of rat and P. obesus islets at 22.2 mmol/l glucose with 0.5 mmol/l palmitate induced the production of nNOS but not inducible NOS (iNOS), in contrast with the robust stimulation of iNOS by cytokines. NOS inhibition by L-NAME did not prevent the decrease in glucose-stimulated insulin secretion and proinsulin biosynthesis or the depletion of islet insulin content observed under conditions of glucolipotoxicity. Moreover, treatment of beta cells with palmitate and L-NAME together resulted in marked activation of the IRE1α and PERK pathways of the unfolded protein response. This was associated with increased JNK phosphorylation and apoptosis in islets and beta cells. Moreover, partial nNos knockdown increased JNK phosphorylation and CHOP production, leading to apoptosis. Conclusions/interpretation In beta cells subjected to glucolipotoxic conditions, chronic inhibition of NOS exacerbates ER stress and activates JNK. Therefore, induction of nNOS is an adaptive response to glucolipotoxicity that protects beta cells from stress and apoptosis.
Introduction
In type 2 diabetes, elevated blood glucose and NEFA cause beta cell dysfunction and apoptosis, leading to exacerbation of diabetes by a process called glucolipotoxicity [1] . Glucolipotoxicity is believed to involve both oxidative and endoplasmic reticulum (ER) stresses [2] [3] [4] . The ER stress response, also called the unfolded protein response (UPR), is a complex signalling network that attempts to restore normal ER function by translation attenuation, degradation of misfolded proteins and increased protein folding capacity through augmented transcription and translocation of ER chaperones. UPR is initiated by three ER transmembrane sensor proteins: IRE1 (inositol requiring ER-to-nucleus signal kinase 1), the pancreatic ER kinase PERK (double-stranded RNA-activated protein kinase-like ER-associated kinase) and activating transcription factor 6 [5] [6] [7] . Sustained activation of the UPR may lead to cell death through activation of apoptotic signals by c-Jun N-terminal kinase (JNK, downstream to IRE1α) and CCAAT/enhancer binding protein homologous protein (CHOP, downstream to PERK) [3, 8, 9] .
NEFAs, mainly palmitate, are potent inducers of ER stress in beta cells [3, [10] [11] [12] . We have previously shown that glucose amplifies NEFA-induced ER stress through activation of the mammalian target of rapamycin complex 1 (mTORC1), which leads to apoptosis by activating JNK [13] . However, yet unknown additional mechanisms probably participate in glucolipotoxic ER stress.
Nitric oxide (NO), a mediator of protein nitrosylation and reactive oxygen species, can interfere with protein disulphide bonding and thereby result in protein misfolding and ER stress [14, 15] . Indeed, NO has been suggested to play an important role in stroke and brain ischaemiareperfusion injury by inducing ER stress [15] . Moreover, NO is an important mediator of beta cell cytokine toxicity in type 1 diabetes, with induction of ER stress and apoptosis [16, 17] .
Several studies have suggested that exposure of islets to high glucose or NEFA levels induces production of inducible nitric oxide synthase (iNOS), causing attenuation of the insulin response to glucose [18] [19] [20] [21] [22] . Thus, iNOS-dependent NO generation with subsequent induction of ER stress could be the common denominator of beta cell apoptosis induced by inflammatory cytokines and glucolipotoxicity. Nevertheless, it has not yet been shown convincingly that NO production is the cause of beta cell dysfunction and apoptosis during glucolipotoxicity. Moreover, other investigators have failed to find iNos (also known as Nos2) mRNA expression, nitrite production or activation of the nuclear factor κB (NFκB) pathway, an important mediator of cytokine-induced beta cell apoptosis, in rat beta cells treated with NEFA [23] [24] [25] . Therefore, the role of NO as a mediator of beta cell glucolipotoxicity remains controversial.
This motivated us to study the effects of glucose and palmitate on the production of different NOS isoforms in both rat and Psammomys obesus islets. P. obesus is a gerbil model of type 2 diabetes mellitus characterised by increased susceptibility to beta cell dysfunction and apoptosis in response to high glucose and NEFA levels, as found in islets of patients with type 2 diabetes [26] . We [27] and others [19] have previously shown that NO is a negative regulator of insulin secretion and that short-term NOS inhibition amplifies the response to acute stimulation by glucose and mitochondrial fuels. In the present study we describe the effects of pharmacological and genetic inhibition of neuronal nitric oxide synthase (nNOS) on beta cell function, ER stress and apoptosis under conditions of glucolipotoxicity.
Methods
Islet isolation and beta cell line culture Diabetes-prone P. obesus (Hebrew University Colony; Harlan, Jerusalem, Israel) aged 2.5-3.5 months were fed a low-energy (9.96 kJ/g) diet (Koffolk, Petach-Tikva, Israel), which maintains normoglycaemia (3-5 mmol/l in this species). Islets were isolated from normoglycaemic P. obesus and Wistar rats (Harlan, Jerusalem, Israel) by collagenase digestion (Collagenase P; Roche Diagnostics, Mannheim, Germany) as described [28] , and used after repeated washes with Hanks' balanced salt solution. Islets were either incubated in suspension for 16 h or cultured in RPMI 1640 medium (Biological Industries, Beit-Haemek, Israel) with 10% fetal bovine serum, 100 U/ml penicillin, 100 μg/ml streptomycin and 2 mmol/l L-glutamine (Biological Industries) on extracellular matrix (ECM)-coated plates (Novamed, Jerusalem, Israel) [28] for 5 days at different glucose concentrations with and without 0.5 mmol/l palmitate, as indicated. Insulinoma 1E (INS-1E) beta cells were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum, 1 mmol/l sodium pyruvate, 2 mmol/l L-glutamine, 10 mmol/l HEPES, 0.05 mmol/l 2-mercaptoethanol, 100 U/ml penicillin and 100 μg/ml streptomycin. Animal use was approved by the Institutional Animal Care and Use Committee of the Hebrew University and the Hadassah Medical Organization.
Experimental methods INS-1E cells and rat and P. obesus islets were incubated in RPMI medium with 0.55% (wt/vol.) BSA with or without palmitate at various glucose concentrations for different periods of time, as indicated in the figure legends. The palmitate-BSA solution was prepared as described [29] . Briefly, the sodium salt of palmitic acid was dissolved at a concentration of 10 mmol/l in 11% BSA in a shaking water-bath at 37°C for 16 h. The BSA that was used for solubilisation of palmitate was free of fatty acids and endotoxins. The pH of the solution was adjusted to 7.4 with 1 mmol/l NaOH, then filtered through a 0.2 μm filter and stored at −20°C. The palmitate-BSA solution was diluted 1:20 in the incubation medium, the molar ratio of palmitate to BSA being 6:1. The effects of NOS inhibition on beta cell function, stress and apoptosis were studied by treating INS-1E cells and islets with 1 and 10 mmol/l of the NOS inhibitor N ω -nitro-L-arginine methyl ester (L-NAME) for different periods of time or by nNos knockdown. In part of the experiments, a cytokine cocktail (IL-1β 1×10 3 U/μl, TNFα 500 U/μl, IFNγ 1×10 3 U/μl; PeproTech, Rocky Hill, NJ, USA) was used as positive control. All reagents were purchased from Sigma (Rehovot, Israel).
nNos knockdown nNos knockdown was performed by transient transfection of small interfering RNA oligos for nNos into INS-1E cells, which were plated in 24 well plates and grown overnight to approximately 70% confluence. Transfection was performed in serum-free RPMI medium using Lipofectamine (Invitrogen, Philadelphia, PA, USA) according to the manufacturer's instructions. The sequence targeted corresponded to bases 3323-3345 of the nNos mRNA (accession number NM_052799). The sense and antisense oligonucleotides were 5′-CGAGGACCUCGU GAAUGCACUCAUU and 5′-AAUGAGUGCAUUCACG AGGUCCUCG, respectively. Six hours after transfection the medium was replaced, and after an additional 24 h the cells were incubated overnight at different glucose concentrations with and without palmitate followed by extraction and analysis for the production of nNOS and different stress markers and for beta cell apoptosis.
Insulin secretion and proinsulin biosynthesis Groups of 25 islets were cultured on ECM-coated plates for 5 days with treatments as indicated. Insulin secretion of cultured islets was assessed at 24 h and 5 days by static 1 h incubations at 1.7 and 16.7 mmol/l glucose. Medium was collected at the end of the incubations, centrifuged and frozen at −20°C pending insulin assay.
Proinsulin biosynthesis was studied by labelling islets in the centre of the plate in 25 μl fresh KRB HEPES (KRBH)-BSA buffer [28] . The buffer contained different treatments at the same glucose concentration as for the chronic incubation and 0.925 ΜΒq L- [2,3,4,5- 3 H]leucine (4.44×10 12 Bq/mmol; ARC, St Louis, MO, USA). After a 15 min pulse at 37°C, leucine incorporation was terminated by adding 1 ml ice-cold glucose-free KRBH-BSA buffer, removal of the islets by scraping and rapid centrifugation. The islet pellet was subjected to immunoprecipitation as described [27] .
Insulin assay Insulin immunoreactivity in P. obesus was determined using a human insulin RIA kit from Linco Research (St Charles, MO, USA) and rat insulin using a rat RIA kit (Linco Research).
Measurement of NOS activity and medium nitrites NOS activity was determined in rat islets and cerebellum using the NOSdetect assay kit (Stratagene, Cedar Creek, TX, USA) according to the manufacturer's instructions. The assay is based on the measurement of L-[ 14 C]citrulline, formed by NOS in equimolar concentration to NO. Islets were incubated at different glucose concentrations with and without 0.5 mmol/l palmitate for 16 h, then washed and collected in 300 μl ice-cold homogenisation buffer. The islets were sonicated and stored at −80°C for subsequent measurement of NOS activity. Rat cerebellum homogenate was used as a positive control. Radioactivity was counted in Optiphase HiSafe scintillation cocktail (PerkinElmer, Waltham, MA, USA). Total NOS activity was determined by subtracting the background readings (with L-NAME) from the radioactive counts obtained without L-NAME. Calcium/ calmodulin is a cofactor for nNOS activity, whereas iNOS is calcium-independent. iNOS activity was determined by performing the NOS enzymatic reaction in the presence of the calcium chelator EGTA. This was subtracted from total NOS activity to give the nNOS activity [19] . Protein was determined with the Bradford method [30] .
Nitrite production was measured in the incubation medium of INS-1E cells under different experimental conditions using the Griess reagent, as described [31] . Palmitate-supplemented medium was used as a blank.
Western blot analysis Protein production and phosphorylation were studied by western blotting using antibodies against iNOS (Sigma), nNOS, phospho-stress-activated protein kinase (SAPK)/JNK (Thr183/Tyr185), SAPK/JNK, phospho-c-JUN, total IRE1α, total and phospho-eIF2α, phospho-PERK, cleaved and non-cleaved caspase 3 (all from Cell Signaling Technology, Beverley, MA, USA), phospho-IRE1α (kindly provided by F. Urano, University of Massachusetts, Boston, MA, USA), growth arrest-and DNA damage-inducible gene 153 (GADD153)/CHOP and GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Peroxidase-conjugated AffiniPure goat anti-rabbit and anti-mouse IgG from Jackson Immunoresearch Laboratories (West Grove, PA, USA) were used as secondary antibodies. Immunoreactive bands were visualised by chemiluminescence using ECL-Plus (Biological Industries, Rehovot, Israel). We used x-ray film densitometry for quantification (ImageMaster VDS-CL; Amersham Pharmacia Biotech, Uppsala, Sweden). Immunoblots were scanned and signals were quantified using TINA software (University of Manchester, Manchester, UK).
Quantitative real-time RT-PCR RNA was extracted from INS-1E cells using TRI reagent (Biolab, Jerusalem, Israel) and reverse-transcribed using Moloney murine leukaemia virus reverse transcriptase (Promega, Madison, WI, USA).
Quantitative real-time RT-PCR (qPCR) for spliced X-box binding protein-1 (Xbp1) was performed on a Prism 7000 Sequence Detection System using the Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). Samples were analysed in triplicate and corrected for GAPDH. The following oligonucleotides were used for the PCR reaction: spliced Xbp1, forward 5′-GAGTCCGCAG CAGGTG-3′, reverse 5′-GAAGAGGCAACAGCGTCAGA-3′; Gadph, forward 5′-AGTTCAACGGCACAGTCAAG-3′, reverse 5′-TACTCAGCACCAGCATCACC-3′.
Apoptosis ELISA assay Cells plated in 96-well plates were grown in RPMI 1640 containing 11.1 mmol/l glucose until they reached 70% confluence. They were then treated with 0.55% (wt/vol.) BSA with or without 0.5 mmol/l palmitate at 3.3 and 27.8 mmol/l glucose and L-NAME for 16 h. The cells were lysed and oligonucleosomes in the cytosol, indicative of apoptosis-induced DNA degradation, were quantified using the Cell Death Detection ELISA Plus kit (Roche Diagnostics) according to the manufacturer's instructions.
Data presentation and statistical analysis Data shown are mean ± SEM. Statistical significance of differences between groups was determined by one-way ANOVA followed by the Newman-Keuls test using the InStat statistical program (GraphPad Software, San Diego, CA, USA). A paired sample t test was used when the difference between a reference (taken as 100%) and test was analysed. A p value of less than 0.05 was considered significant.
Results
Effects of glucose and palmitate on NOS isoform production and activity in islets NOS isoforms were studied in P. obesus and rat islet extracts following incubation for 16 h at 22.2 mmol/l glucose with and without 0.5 mmol/ l palmitate. Basal (3.3 mmol/l glucose) nNOS production was low in P. obesus islets; it was not increased in response to 22.2 mmol/l glucose either in rat or P. obesus islets. In contrast, 0.5 mmol/l palmitate induced nNOS at 22.2 and 3.3 mmol/l glucose in both species (Fig. 1a-d) . Consistent with these findings, the effect of palmitate in INS-1E cells was concentration-dependent (see Electronic supplementary material [ESM] Fig. 1 ). In P. obesus islets treated with palmitate, nNOS production was higher at a high glucose concentration than at a low glucose concentration (6.5-and 3.4-fold increase in palmitate-treated P. obesus islets at 22.2 and 3.3 mmol/l glucose, respectively, compared with islets at 3.3 mmol/l glucose alone; Fig. 1a, c) .
Whereas treatment with cytokines, as expected, resulted in robust induction of iNOS, there was no effect of palmitate on iNOS in rat or P. obesus islets (Fig. 1e, f) . 3 U/μl IFNγ) at 11.1 mmol/l glucose for 16 h was used as a positive control for iNOS. *p<0.05, **p<0.01, ***p<0.001 for the difference between the indicated groups or between these groups and untreated islets at 3.3 mmol/l glucose iNOS was also undetectable in INS-1E cells treated with palmitate (not shown).
Consistent with the lack of iNOS induction by palmitate, iNOS activity was undetected in islets incubated at 22.2 mmol/l glucose with palmitate (ESM Fig. 2a) . Furthermore, total NOS activity of rat islets treated with palmitate was low: islets incubated at high glucose+palmitate concentrations showed <1% NOS activity compared with rat cerebellar tissue. Moreover, there was only a small increase in nitrites in the medium of INS-1E cells treated with palmitate, whereas cytokines markedly increased nitrite production (ESM Fig. 2b) .
Collectively, palmitate increased nNOS, but not iNOS, with a small increase in total NOS activity and nitrite production.
Effect of NOS inhibition on beta cell function in islets exposed to glucolipotoxicity The induction of nNOS by palmitate and high glucose was more pronounced in P. obesus than in rat islets. P. obesus islets are prone to develop beta cell dysfunction in response to high glucose and palmitate [26] . Therefore, to study the role of NOS, P. obesus islets were cultured on ECM-coated plates at 3.3 mmol/l glucose alone or 22.2 mmol/l glucose with and without 0.5 mmol/l palmitate and 10 mmol/l L-NAME for 5 days.
Under these conditions 22.2 mmol glucose did not impair insulin secretion. Both basal and glucose-stimulated insulin secretion and proinsulin biosynthesis were higher at 22.2 than at 3.3 mmol/l glucose (Fig. 2a, b) ; however, the fold stimulation of insulin secretion was lower in islets cultured at 22.2 mmol/l than at 3.3 mmol/l glucose (2.8-and 5.3-fold stimulation respectively, p< 0.001). Palmitate decreased glucose-stimulated insulin secretion by 37.3% at 24 h (p<0.01) and 27.5% at 5 days (p<0.01; Fig. 2a, b) . Palmitate induced decreases of 70% in proinsulin biosynthesis and islet insulin content (p<0.001 for both; Fig. 2c, d ). L-NAME did not modify the attenuation of glucosestimulated insulin secretion and proinsulin biosynthesis, or the depletion of islet insulin content induced by palmitate.
In summary, NOS inhibition by L-NAME did not prevent the beta cell dysfunction induced by long-term treatment with palmitate and high glucose.
Effect of NOS inhibition on beta cell ER stress response to glucolipotoxicity Palmitate induces stress in pancreatic beta cells, leading to activation of JNK and consequently apoptosis [13, 32] . We first studied the effects of glucose, palmitate and L-NAME on JNK activation in P. obesus islets (Fig. 3a, b, c) . JNK phosphorylation increased in islets treated with palmitate or L-NAME alone, although the effect was relatively small. Addition of both agents stressed the islets synergistically, with major augmentation of JNK phosphorylation at both 3.3 and 22.2 mmol/l glucose. There was a trend for higher JNK phosphorylation in islets treated with palmitate and L-NAME at 22. Results are mean ± SEM of nine individual experiments, each performed on islets pooled from three animals. *p<0.05, **p<0.01, ***p<0.001 for the differences between the indicated groups or between these groups and control islets at 3.3 mmol/l glucose to 3.3 mmol/l glucose. JNK activation by L-NAME was associated with increased apoptosis (Fig. 3d) . Thus, NOS inhibition increased, rather than decreased, JNK activation and apoptosis in islets exposed to glucolipotoxic conditions.
In INS-1E cells, knockdown of nNos induced a moderate (20-40%) decrease in nNOS production (Fig. 4a, ESM  Fig. 3a ) and nitrite production (ESM Fig. 4 ). This resulted in increased JNK phosphorylation, CHOP production and augmented beta cell apoptosis (Fig. 4b-e, ESM Fig. 3 ).
JNK is a downstream target of the IRE1α branch of the UPR. IRE1α has a dual role during ER stress: (1) it acts as a kinase, phosphorylating apoptosis signalling kinase 1, thereby activating JNK; and (2) it cleaves the mRNA of the transcription factor XBP1. Spliced Xbp1 is an important regulator of ER function [33, 34] . To further characterise the effects of NOS inhibition on the IRE1α pathway, we analysed IRE1α production and phosphorylation and Xbp1 splicing in INS-1E beta cells incubated with palmitate and L-NAME at different glucose concentrations (Fig. 5 and  ESM Fig. 5) . Palmitate increased IRE1α level and phosphorylation, JNK and levels of c-JUN phosphorylation (Fig. 5a-c ) and spliced Xbp1 (Fig. 5d) . L-NAME modestly increased the level of ER stress markers at both 3.3 and 27.8 mmol/l glucose. However, treatment with palmitate and L-NAME together markedly increased spliced Xbp1 levels and JNK and c-JUN phosphorylation, indicating further stimulation of the IRE1α pathway.
We then studied the effects of glucose, palmitate and L-NAME on the PERK-eIF2α-CHOP branch of the UPR (Fig. 6, ESM Fig. 5) . Similarly, L-NAME increased PERK, eIF2α phosphorylation and CHOP level and amplified stimulation of eIF2α and CHOP by palmitate. Consistent with our previous report [13] , we found that high glucose amplified the activation by palmitate of IRE1α, JNK and c-JUN and the level of CHOP. Moreover, the amplification of palmitate-induced ER stress by L-NAME was more pronounced at 27.8 mmol/l glucose than at 3.3 mmol/l glucose (Figs 5 and 6 ).
Effect of NOS inhibition on beta cell apoptosis during glucolipotoxicity The activation of stress markers by palmitate and L-NAME was associated with increased apoptosis in islets and beta cells (Figs 3 and 7a) . Treatment of INS-1E cells with palmitate and a low concentration (1 mmol/l) of L-NAME increased beta cell apoptosis compared with cells incubated with palmitate or L-NAME alone. High glucose amplified the effects of palmitate and L-NAME on beta cell apoptosis: the rate of apoptosis induced by addition of both agents was 1.6-fold higher at 27.8 mmol/l than at 3.3 mmol/l glucose.
JNK inhibition reduces beta cell apoptosis under conditions of ER stress [13] . Indeed, we found that the JNK inhibitor SP600125 completely prevented palmitateinduced beta cell apoptosis and decreased apoptosis in response to palmitate+L-NAME (Fig. 7b) .
Thus, nNOS inhibition in beta cells augments glucolipotoxicity-induced ER stress and apoptosis, at least in part through activation of JNK.
Discussion
The aim of this study was to investigate the potential role of NO as a mediator of beta cell ER stress and apoptosis under Fig. 3 Effect of nNOS inhibition by L-NAME on JNK expression and phosphorylation, and on apoptosis in P. obesus islets. P. obesus islets were incubated at 3.3 and 22.2 mmol/l glucose with and without 0.5 mmol/l palmitate and 10 mmol/l L-NAME for 16 h. a, b, c Phosphorylated and total JNK were assessed by western blotting. d Apoptosis was analysed using an ELISA assay for oligonucleosomes. Results are expressed as mean ± SEM of three individual experiments. *p <0.05, **p<0.01, ***p<0.001 for the difference between the indicated groups or between these groups and control islets at 3.3 mmol/l glucose. AU, arbitrary units conditions of glucolipotoxicity. We found that palmitate induced the production of nNOS in INS-1E beta cells and rat and P. obesus islets; in contrast, there was no induction of iNOS even under maximally stressful conditions generated by high glucose and palmitate. The lack of iNOS production in P. obesus islets was unexpected, since they are highly susceptible to glucose and NEFA toxicity [26] . Moreover, total islet NOS activity and nitrite production of beta cells incubated with high glucose and palmitate were low. This was in marked contrast with the robust activation of iNOS by cytokines. These results are in contrast with previous suggestions that both glucose and palmitate induce iNOS in beta cell lines and rat islets [19] [20] [21] [22] . Moreover, it was recently shown that induction of iNOS and consequently excessive generation of NO is responsible for the suppression of glucose-stimulated insulin secretion by palmitate; this was corrected by thiazolidinediones, probably through inhibition of G-protein-coupled receptor 40 (GPR40) [18] . However, other investigators, like ourselves, found that culture of rat islets or beta cells with fatty acids did not increase iNos gene expression [24] , intracellular NO or peroxide levels [35] . Similarly, treatment of human islets with NEFA did not affect iNOS expression [36] . Inhibition of NOS by L-NAME failed to restore beta cell function under conditions of glucolipotoxicity (Fig. 2) [35] . Thus, we do not believe that iNOS plays a significant role in glucolipotoxicity-induced beta cell dysfunction.
In contrast with the above, we found that palmitate induced nNOS production; therefore, we studied the role of NOS in the regulation of glucolipotoxicity-induced ER stress and apoptosis. Surprisingly, pharmacological or genetic inhibition of NOS by itself induced beta cell stress and apoptosis and amplified the stress response to palmitate, the effect being more pronounced at a high glucose concentration. Moreover, a modest degree of inhibition of nNos by small interfering RNA was sufficient to worsen beta cell stress and apoptosis. Similar results were obtained using two different small interfering RNA sequences (Fig. 4, ESM Fig. 3) , suggesting that the pro-apoptotic effect of nNos knockdown results from nNOS inhibition rather than being an off-target effect. nNos knockdown induced beta cell stress and apoptosis even in the presence of a small decrease in nitrite production. NO measurements Fig. 4 Effects of nNos knockdown in INS-1E beta cells on nNOS production, stress markers and apoptosis. INS-1E cells were transfected with RNAi oligos for nNOS (black bars) or with control, scrambled RNA oligos (white bars), as described in the Methods. The cells were then incubated for 16 h at 3.3 and 27.8 mmol/l glucose with and without 0.5 mmol/l palmitate (P). a nNOS production analysed by western blotting. b-d Western blot analysis of CHOP production, phosphorylated and total JNK, cleaved caspase 3 and caspase 3. Representative gels and quantification of nNOS production, JNK phosphorylation (normalised to total JNK) and CHOP production (normalised to GAPDH) are shown as fold of G3.3. e Apoptosis was analysed using the apoptosis ELISA assay. Results are expressed as mean ± SEM of at least three individual experiments. *p<0.05, **p<0.01, ***p<0.001 for the difference between similarly treated nNos knockdown and control groups probably underestimate the effect of NOS inhibition on NO production due to its trapping in the cell by S-nitrosylation [37] , as supported by the observation that the potent NOS inhibitor L-NAME also had a small effect on nitrite production. It is also possible that a minute decrease in NO, although not detected by the nitrite assay, is detrimental to the beta cell. Nonetheless, our findings indicate that nNOS activity is essential for beta cell survival, and its Results are expressed as mean ± SEM of three individual experiments. *p<0.05, **p<0.01, ***p<0.001 for the difference between the indicated groups or between these and untreated cells at the same glucose concentration upregulation in islets exposed to glucolipotoxicity is probably an important adaptive mechanism in the defence of beta cells against metabolic stress. Notably, treatment of cardiomyocytes with palmitate increased NO production via constitutive NOS, and its inhibition increased palmitate toxicity [38] , consistent with the hypothesis that endogenous production of NO during metabolic stress is protective rather than noxious.
Nitric oxide may thus have a dual, opposing effect on beta cell survival depending on the spatial and temporal production of different NOS isoforms, the NO level achieved and the duration of exposure. NO can be scavenged by a rapid reaction with superoxide (O 2 − ) to generate peroxynitrite (ONOO − ), which is a potent oxidant and the primary component of nitro-oxidative stress. At high concentrations, ONOO − can undergo cleavage to produce additional highly reactive oxidative species. This initiates a cascade of redox reactions which can trigger apoptosis [39] . Induction of iNOS by cytokines increases NO production massively, thereby leading to nitro-oxidative stress, which contributes to beta cell apoptosis in type 1 diabetes [40] . On the other hand, low levels of NO or of other nNOS product(s) may serve as antioxidant buffers, which dissipate reactive oxygen species. Notably, NOS activation may increase the production of the rate-limiting enzyme for glutathione synthesis and of genes involved in antioxidant defence [41] . Similarly, NO has a dual role in the regulation of neuronal cell survival, being neuroprotective through Snitrosylation of NMDA receptors, and yet neurodestructive by the formation of peroxynitrite [42] . The dual role of NO in the regulation of beta cell survival is also demonstrated by its opposite effects on ER stress. While nNOS-derived NO alleviates the ER stress response to glucose and NEFA (Figs 4, 5, 6 ), excessive NO production by cytokines may indeed induce ER stress in beta cells [17] . The contribution of ER stress to cytokine-induced beta cell apoptosis is controversial [43] ; nevertheless, nitrosylation of ERassociated calcium channels, such as sarcoendoplasmic reticulum Ca 2+ -ATPase (SERCA), and consequently calcium depletion in the ER and inactivation of protein disulfide isomerase may lead to protein misfolding [44] [45] [46] , thereby contributing to beta cell dysfunction and apoptosis [16, 17] .
Our data suggest a novel mechanism by which NOS protects the beta cell during glucolipotoxicity by attenuating the ER stress response. Indeed, NOS inhibition by L-NAME amplified palmitate-stimulated ER stress in a concentration-dependent manner, as shown by its activation of the IRE1α and PERK-eIF2α-CHOP pathways of the UPR. Inducers of ER stress cause apoptosis through activation of JNK and CHOP. We found that L-NAME and nNos knockdown increased JNK/c-JUN phosphorylation and CHOP production. Consistent with our previous report [13] , treatment with a pharmacological inhibitor of JNK prevented beta cell apoptosis under conditions of glucolipotoxicity and alleviated the deleterious effect of NOS inhibition under these conditions.
The recent report that incubation of INS-1 beta cells with a low concentration of diethylenetriamine nitric oxide adduct (DETA)/NO decreased apoptosis induced by the ER stressor thapsigargin, whereas a high concentration of this compound induced beta cell apoptosis [47] , supports our conclusion that NO has a dual role in the regulation of beta cell survival and that low concentrations of NO are protective in the context of ER stress.
The precise mechanism by which NO regulates ER stress is unknown. Pharmacological induction of ER stress has been shown to increase endogenous NO production in the mouse insulinoma 6 (MIN6) beta cell line. This in turn augmented the expression of antioxidant genes, including endoplasmic reticulum oxidoreductin 1 (Ero1) and protein inhibitor SP600125. The effect of JNK inhibition on apoptosis was analysed using the apoptosis ELISA assay. Quantification of three individual experiments, each performed in triplicate, is shown. *p<0.05, **p<0.01, ***p<0.001 for the difference between the indicated groups or between these and untreated cells at the same glucose concentration. AU, arbitrary units disulphide isomerase (Pdi), which regulate oxidative protein folding in the ER, thereby reducing cellular stress [41] . Based on our results, we suggest the following paradigm for the role of nNOS in beta cell glucolipotoxicity: NEFAs stimulate the production of nNOS, but not iNOS, in islets. Although iNOS induction and subsequent excessive NO production may lead to ER stress and apoptosis, the small amounts of NO (and/or other byproducts) generated by nNOS during glucolipotoxicity attenuate the ER stress response in beta cells. Thus, induction of nNOS by palmitate is an important adaptive response to metabolic stress, protecting the beta cells from apoptosis.
